3+ -doped garnet materials have attracted a great deal of attention in w-LEDs and scintillators applications because of their various optical properties. In 2011, we reported intense photocurrent by blue light excitation in Y 3 Al 5¹x Ga x O 12 (Yttrium Aluminum Gallium Garnet, YAGG):Ce 3+ phosphors with high Ga content. With increasing Ga content in YAGG:Ce, the energy gap between the lowest excited 5d level (5d 1 ) and the conduction band (CB) 
Persistent phosphors
Persistent phosphors are materials showing continuous luminescence for long duration between several minutes and hours after ceasing excitation light, which is distinguished from phosphors that show luminescence with decay time between nanoseconds and milliseconds due to intrinsic transitions ions. Persistent phosphors have been used as luminous paints under indoor and outdoor environments for emergency signs, dial plate of clock and lighting in the night. Before 1990s', radioisotopes, such as tritium and promethium, had been added to persistent phosphors based on ZnS to improve the persistent luminescence performance. In 1993, Matsuzawa et al. discovered the SrAl 2 O 4 : Eu 2+ Dy 3+ persistent phosphor with bright and long persistent luminescence, 1) and then it replaced radioisotopes containing persistent phosphors completely. After this discovery, many persistent phosphors doped with lanthanide ions as luminescence centers and carrier trapping centers have been reported.
2), 3) However almost all bright and long persistent phosphors have green and blue persistent luminescence; for instance, there are SrAl 2 -doped garnet materials have attracted a great deal of attention in w-LEDs and scintillators applications because of their intense broad absorption in a blue region, high quantum efficiency, and luminescence in various colors. These absorption and luminescence properties of the Ce 3+ ion are responsible for the 4f5d allowed transitions. The luminescence color variation is caused by shifting 5d excited level by the nephelauxetic effect (centroid shift caused by covalency) and the crystal field splitting, both of which strongly depend on host crystals. 10) 13) The chemical formula of general garnet crystals can be expressed as {A} 3 [B] 2 (C) 3 O 12 , where {A}, [B] and (C) represent the cations at the dodecahedral, octahedral and tetrahedral sites, respectively, as shown in Fig. 1 . The crystal field splitting strength is controlled widely by changing the garnet component ions. This is because the garnet structure has three cation sites that can be occupied by various cations. The dodecahedral site to which Ce 3+ occupies has distorted square anti-prism structure with D 2 point-group symmetry, affected by the garnet compositions. So far, the optical properties of Ce 3+ in many garnet host compositions have been studied. For instance, the dodecahedral {A} sites can be substituted by relatively large rare earth ions (La, Gd, Tb, Y, Lu) and alkali-earth ions (Mg, Ca), [B] sites are by small rare earth ions (Y, Lu, Sc) and some metal ions (In, Ga, Al) and (C) sites are by smaller metal ions (Ga, Al, Ge, Si). 14 (TAG:Ce) and GAG:Ce. 28) They explained that the strong thermal quenching is caused by the difference of activation energies in crossover process from the excited 5d level to the ground 4f level. Since the excited 5d states have largely extended orbitals, the offset of the potential curve of the 5d excited state is shifted from the bottom of the 4f ground state in the configuration coordinate diagram as shown in Fig. 2 . The electrons in the excited 5d levels are thermally activated from the lowest position of the 5d state to the crossing point with the 4f ground state. The thermal quenching can be promoted with decreasing energy gap (¦E) between the bottom of the excited 5d level and the cross point. In general, the 5d energy level of Ce 3+ ion is red shifted with increasing crystal field in garnet crystals, such as Y 3 ( em ³560 nm), and thus the activation energy decreases in the order of ¦E YAG > ¦E TAG > ¦E GAG . Therefore, the thermal quenching of GAG:Ce is the strongest among these garnet phosphors. On the other hand, the 5d state of Ce 3+ in the YGG:Ce has higher energy compared with that in the YAG:Ce. The nonradiative relaxation through the cross points between 5d and 4f levels are usually suppressed with increasing 5d energy level as shown in Fig. 2 . Therefore, it is not conceivable to explain the quenching in the YGG:Ce by the cross-over process.
Optical and optoelectronic properties of Ce 3© -doped garnet
Quenching of Ce 3+ in Lu 2 O 3 and Y 2 O 3 , which are known as nonluminescent materials, are explained by auto-ionization process from the 5d level to the conduction band. 29) 31) It is possible that the quenching of the YGG:Ce is also due to the thermal-or auto-ionization. Therefore, solid-solutions of Y 3 Al 5¹x Ga x O 12 :Ce 3+ were prepared and the photoluminescence (PL), photoluminescence excitation (PLE) spectra, and photocurrent excitation (PCE) spectra were measured in order to investigate the quenching process.
The PL spectra excited at UV light and the PLE spectra of the Ce luminescence from the samples are shown in Fig. 3 . Luminescence bands due to the 5d4f transition of Ce 3+ were observed in the range between 450 and 600 nm in all the samples without the x = 5 sample. The luminescence peak in the samples with x = 0, 1, 2, 3, 4 are located at 528, 522, 508, 505 and 497 nm, respectively. The luminescence peak blue-shifts with increasing Ga content. In the PLE spectra, the two excitation bands observed at approximately 350 and 450 nm are attributed to transitions from the 4f level to the 5d 1 and 5d 2 levels, respectively; 5d 1 and 5d 2 are the lowest and the second lowest 5d levels. From the PL and PLE results, it is found that the 5d 1 level increases with increasing Ga content. The activation energy from 5d 1 to 4f through the cross-over can be predicted to be small with increasing Ga content, assuming that the configuration offset is the same in the garnet hosts with different Ga content. However, the tendency of luminescence quenching for Ga content in the garnet materials is To investigate the ionization process, the PCE spectrum was measured as shown in Fig. 4 On the other hand, in the PCE spectra at 50 K, the photocurrent was observed only by the 5d 2 excitation, but not by the 5d 1 excitation in Y 3 Al 2 Ga 3 O 12 :Ce. In the YGG:Ce, a significant photocurrent was observed by both 5d 1 and 5d 2 excitations even at low temperature. These phenomena can be understood on the basis of the relative position between the 5d levels and the conduction band. The 5d 1 level in the Y 3 Al 2 Ga 3 O 12 :Ce can be located just below the bottom of the conduction band, so that the photoconductivity from the 5d 1 level to the conduction band can be induced by a thermally stimulated process. The fact that the PCE band of the 5d 2 level in the Y 3 Al 2 Ga 3 O 12 :Ce was observed at low temperature shows that the 5d 2 level is located within the CB. On the other hand, in YGG:Ce, the 5d 1 and 5d 2 level can be located within the CB, so that the quenching is occurred by autoionization.
From the optical and optoelectronic properties, a schematic energy diagram can be drawn as shown in Fig. 6 Journal of the Ceramic Society of Japan 123 [12] 1059-1064 2015
Persistent luminescence of YAGG:Ce-Cr
In general, in order to cause and improve the persistent performance, a co-dopant ion is introduced into phosphors for creating electron traps. A lanthanide ion is one of the good codopant for persistent phosphors because some Ln 3+ ions can capture an electron and then change to Ln To discuss the electron trap depth, vacuum referred binding energy (VRBE) presented by Dorenbos is very useful and helpful. 34) Using the parameters in our study, a VRBE diagram of Y 3 Al 2 Ga 3 O 12 were constructed as shown in Fig. 7 can be an electron trap. In order to expand the possibility of co-dopant that will act as an electron trap, I focused on transition metals, which has a potential to act as electron trap due to the multi-valence state. In order to seek effective codopants, we prepared samples codoped with 3d block transition metal ions, Zr and Hf using a combinatorial method. Figure 8 shows the persistent luminescence after ceasing w-LED illumination in the various samples. 14),15),25),39) Because the CB energy of the GAGG referred to the vacuum level is almost same to that of YAGG, 40) the Cr ions is expected to work as effecient electron traps also in the GAGG host. Figure 10 shows the color chart of persistent luminescence of Gd 3 
Summary
We successfully developed a bright and long persistent luminescence by blue-light charging in Ln 3 
38)
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